PTEN (phosphatase and tensin homolog deleted on chromosome 10) functions as a major tumor suppressor gene and is frequently deleted in different types of tumors including prostate cancer (PCa). It was hypothesized that germ-line genetic changes of PTEN affect susceptibility to PCa. Both common (with a minor allele frequency X5%) and rare (with a minor allele frequency o5%) germ-line variants of PTEN were comprehensively evaluated. A total of 15 germ-line variants were identified by re-sequencing the PTEN gene, including 5¢ untranslated region, all nine exons, exon-intron junctions and 3¢ untranslated region, in 188 probands of hereditary prostate cancer (HPC) families recruited from Johns Hopkins Hospital. Two microsatellite markers surrounding PTEN were used to test the co-segregation of 10 rare variants, which may give rise to highly penetrance in HPC. Two common single nucleotide polymorphisms (SNPs) were evaluated in the 188 HPC families using a family-based association study approach. To study low penetrant SNPs in PCa susceptibility, 33 SNPs covering PTEN were selected from the whole genome-wide association studies (GWAS) from our available case-control studies in Sweden (Cancer of the Prostate in Sweden (CAPS)) and the publicly available cancer genetic markers of susceptibility (CGEMS) study. Germ-line copy-number variations (CNVs) in PTEN were assessed in CAPS. Co-segregation of germ-line variants and PCa was not observed among HPC families and no significant differences in the allele frequencies were observed in sporadic cases and controls, aggressive and non-aggressive PCa (P40.05). These results suggest that germ-line variants in PTEN do not have an important role in PCa susceptibility.
INTRODUCTION
Located on chromosome 10q23, PTEN is frequently deleted in multiple tumors including prostate cancer (PCa). PTEN has been shown to be involved in many cellular functions including apoptosis, cell-cycle control, cell adhesion and migration; however, the primary function of PTEN is to dephosphorylate and inactivate the second messenger PIP3. 1 It exerts its tumor suppressor function by acting as a negative regulator in the PI3K signaling pathway. 1 Loss of PTEN has been shown to contribute to PCa development in mouse models, [2] [3] [4] [5] and mutations or deletions of PTEN have been found to occur frequently in PCa in human, especially in advanced disease. [6] [7] [8] [9] [10] Deleterious germ-line variants in PTEN were not found to contribute to PCa susceptibility in previous studies, including mutation screening, linkage studies and genome-wide association (GWA) studies in case-control sporadic PCa populations. [11] [12] [13] [14] [15] [16] Some limitations of these studies were small sample size, low-coverage of the PTEN gene for mutation screening and the lack of evaluation of co-segregation of PTEN germ-line variants and PCa risk. In this report, a comprehensive assessment of germ-line variants in the PTEN gene for PCa susceptibility was carried out, which included mutation screening of a sizeable PTEN region in a large hereditary prostate cancer (HPC) sample, co-segregation analysis of high penetrant variants (rare variants with a minor allele frequency X5%) in HPC families, association analysis of low penetrant variants (common single nucleotide polymorphisms (SNPs) with a minor allele frequency o5%) in sporadic PCa and evaluation of copy-number variations (CNVs) in PTEN in sporadic PCa populations.
MATERIALS AND METHODS Subjects
Hereditary prostate cancer (HPC) families. A detailed description of the HPC study families has been presented in previous work. 17 In total, 188 HPC families with at least three first-degree relatives having a diagnosis of PCa were recruited into the study by investigators at the Brady Urology Institute at Johns Hopkins Hospital (JHH, Baltimore, MD, USA). The mean age at diagnosis for these individuals was 64.3 years. Approximately 91.8% of the families were Caucasian and 9.2% were Black. The average number of affected individuals per family was 5.08. The number of families with 3, 4 and 5 or more affected individuals was 28, 47 and 113, respectively. Probands were selected based on the following priorities: affected member with metastatic disease, local invasion, highest Gleason score, highest preoperative prostate-specific antigen (PSA) levels and youngest age at diagnosis.
JHH case-control population. The 1527 cases were from a consecutive series of men who underwent treatment for PCa at JHH. Diagnosis of PCa of the cases was confirmed by pathology reports. Paraffin-embedded tissue and frozen tissue were available for 95% and 35% of cases, respectively. The mean age, PSA, Gleason Score and stage for the cases were 58.5 years, 7.9 ng ml À1 , 6.8 and 1.5, respectively. The 482 unaffected controls were recruited from a series of consecutive men that participated in PCa screenings at the Brady Urological Institute at JHH. Mean age and PSA for the controls were 57.5 years and 1.6 ng ml À1 . DNA from blood samples was available for all cases and controls.
Cancer of the prostate in Sweden (CAPS) population. The population-based, case-control study in Sweden, named Cancer Prostate in Sweden (CAPS) was used to complete fine-mapping in the study. 18 Cases with pathologically diagnosed PCa were recruited from regional cancer registries in Sweden, between July 2001 and October 2003. DNA from blood samples, tumor-node metastasis stage, Gleason grade (biopsy) and PSA levels were available for 2899 cases. Controls were recruited concurrently from the Swedish Population Registry and matched with cases according to age and geographic region. DNA from blood samples was available for 1722 controls. Subsets of the CAPS population were used for two genome-wide association study (GWAS) studies: GASP1 and GASP2. GASP1 included 500 cases and 500 controls and GASP2 included 1500 cases and 500 controls.
Cancer genetic markers of susceptibility (CGEMS) population. The published data from the National Cancer Institute (CGEMS) study was also used. 19, 20 The study population was the Prostate, Lung, Colon and Ovarian (PLCO) Cancer Screening Trial and it included 1177 cases and 1105 controls.
Sequencing and genotyping of SNP and microsatellite markers
The entire genomic sequence of PTEN was re-sequenced, including the B2 kb region of the promoter, all coding regions, the 3¢ and 5¢ untranslated regions, and regions that were evolutionarily conserved from multiple species comparison in probands (n¼188) of the HPC families. Figure 1 outlines the gene organization of PTEN and Table 1 lists the primers used to amplify the PCR products, the sizes of amplified PCR fragments and the annealing temperature for each pair of primers. All reactions were performed using Taq polymerase (Invitrogen, Carlsbad, CA, USA) at a 10-ml scale consisting of 20 ng genomic DNA, 0.2 mmol l À1 of each primer, 0.2 mmol l À1 of each deoxynucleotide triphosphate, 1.5 mmol l À1 MgCl 2 , 20mmoll À1 Tris-HCl, 50 mmol l À1 KCl and 0.5 units Taq polymerase (Invitrogen). PCR cycling conditions were as follows: 94 1C for 3 min followed by 33 cycles of 94 1C for 30 s, a specified annealing temperature for 30 s, and 72 1C for 30 s, with a final extension of 72 1C for 6 min. The PCR products were purified using the QuickStep PCR Purification kit (Edge BioSystems, Gaithersburg, MD, USA) to remove deoxynucleotide triphosphates and excess primers. All sequencing reactions were carried out using dye terminator chemistry (BigDye, ABI, Foster City, CA, USA) and then precipitated using 75 ± 5% ethanol. Samples were loaded onto an ABI 3700 DNA analyzer after adding 8 ml formamide. SNPs were identified using Sequencher software version 4.0.5 (Gene Codes, Ann Arbor, MI, USA).
Genotyping for the two common SNPs (rs12573787 and rs1903858) was carried out using the MassARRAY system (Sequenom, San Diego, CA, USA) in the 188 HPC families for which DNA samples were available. The SNP rs1903858 was selected to be genotyped in an additional 1527 sporadic PCa cases and 482 unaffected controls from the JHH case-control population. PCR and extension reactions were carried out according to the manufacturer's instructions and extension product sizes were determined by mass spectrometry.
The microsatellite markers D10S1686 and D10S185, which lie on either side of the PTEN gene in the region of 100.5B102.5 cM and span an interval of B9.6 Mb, were genotyped in HPC families with rare sequence variants to estimate the co-segregation of sequence variants with PCa in HPC families. The genotyping method has been previously described in detail. 21 SNPs in the PTEN gene selected from genome-wide association study (GWAS)
To study low penetrant SNPs in PCa susceptibility, 33 SNPs within the PTEN gene were selected from the GWAS of GASP1, GASP2 and CGEMS (see Figure 2 ). Data from the three existing GWAS studies, which were deposited from Hapmap (http://www.hapmap.org, rel#21, dbSNPb125) was used to test the 33 SNPs spanning the complete PTEN gene (105.3 kb), GeneChip Human Mapping 500k Array, 5.0 Array (Affymetrix, Santa Clara, CA, USA) and HumanHap 300 BeadChips (Illumina, San Diego, CA, USA) were used for GASP1, GASP2 and CGEMS. 19, 22 The detection of SNPs and CNVs in the CAPS population by means of Affymetrix SNP has been previously described in detail. 22, 23 Results for a subset of the 33 SNPs spanning PTEN were obtained from the GWAS (results from GASP1, GASP2 and CGEMS) and were used for the imputation of the remaining SNPs.
Statistical methods
Family-based association tests (FBAT) were performed for two SNPs (rs12573787 and rs1903858) in HPC families including 1286 affected and unaffected members, using the software package FBAT. 24 Linkage and linkage disequilibrium between PCa and SNPs were assessed by FBAT based on the data from nuclear families, sibships or a combination of the two. Parametric and non-parametric analyses were carried out to test the cosegregation of the sequence variants in the HPC families using GeneHunter Plus (http://www.broad.mit.edu/ftp/distribution/software/genehunter/). In the parametric analysis, the frequency of the susceptibility allele was assumed to be 0.003, and penetrance for non-carriers and carriers was 0.001 and 1.0, respectively. In the recessive model, the frequency of the susceptibility allele was set to be 0.15, and the penetrances for heterozygous carriers and homozygous carriers were assumed to be equal.
Linkage heterogeneity among families (HLOD) was estimated using HOMOG (Ott 1999). In non-parametric analysis, LOD scores were calculated using the Kong and Cox exponential allele sharing model score (KCLOD). Multipoint linkage statistics were performed at 0.5-cM intervals across the region covering PTEN gene.
To test associations between the SNPs and CNVs and PCa, allele frequencies between cases and controls for each SNP were compared. LD structure was formed by Haploview (http://www.broadinstitute.org/mpg/haploview). The differences in allele frequencies between cases and controls were tested using standard contingency w 2 tests, and P-values were determined via w 2 approximation. All of the known SNPs in PTEN were imputed based on the genotyped SNP information in the HapMap Phase II data (CEU) using a computer program, IMPUTE. 25 Odds ratio and 95% confidence interval were estimated using an unconditional logistic regression with adjustment for age and geographic region, assuming an additive model of inheritance.
RESULTS

SNP identification
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Co-segregation of rare SNPs and PCa in HPC families LOD scores for two markers (D10S1686 and D10S185) flanking PTEN located in the region of 100.5B102.5 cM are shown in Table 3 . HLOD scores were used to present the LOD score for the family group of each SNP. Both dominant and recessive parametric analyses were carried out, and evidence of co-segregation of rare SNPs in the HPC families was not observed. Non-parametric analysis was also carried out and co-segregation of the rare SNPs and PCa was not found (data not shown).
Family-based association test (FBAT)
Two common SNPs, rs12573787 and rs1903858, which were in the 5¢ untranslated region and intron 1, were further genotyped in the FBAT. An association between the two variants and PCa was not observed, suggesting the variants were not overtransmitted from parents to affected sons in the 188 HPC families including 1286 affected and unaffected family members (Table 4 , P40.05). Subset analysis of FBAT were also carried out by breaking the families down by the number of affected males (number¼3, 4 and X5) and age at onset (o65 or 465). None of these sub groups showed significant association for these two SNPs in FBAT analysis (all P40.05).
Association test in sporadic PCa cases and controls
The SNP rs1903858 was selected for association analysis among sporadic PCa cases and controls. The frequency of rs1903858 is 0.31 in cases (n¼1527) and 0.30 in controls (n¼482) from the JHH population. No significant difference in the allele frequencies was found between sporadic PCa cases and controls (P¼0.592).
Of the 33 SNPs that spanned the PTEN gene that were selected for association testing with sporadic PCa, there were 28 common SNPs (X5% frequency) identified with an average spacing of one common SNP every B3.7 kb. In the PTEN gene, four SNPs were genotyped in GASP1 and GASP2 and eight SNPs were genotyped in CGEMS GWAS studies. The remaining SNPs in PTEN were imputed based on the four SNPs genotyped in GASP1 and GASP2 GWAS or eight SNPs genotyped in CGEMS GWAS. None of the 33 SNPs (genotyped or imputed) was found to be significantly associated with PCa susceptibility in any these studies, shown as in Table 5 (P40.05). The 33 SNPs were also tested for their association with PCa aggressiveness in CGEMS and GASP2 populations (all cases in GASP1 population are aggressive). None of them was found to be significantly associated with aggressiveness in these two populations, as shown in Table 6 (all P40.05).
Copy-number variations (CNVs) analysis
In addition to testing the association of germ-line SNPs and PCa susceptibility, germ-line CNVs in PTEN and the association with sporadic PCa was also evaluated with three SNP probes (rs12569998, rs11202600 and rs17107001) at PTEN region on GeneChip Human Mapping 5.0 Array (Affymetrix). The CNV defined by the three probes in PTEN was not associated with PCa risk from GWAS in CAPS population (data not shown).
DISCUSSION
In this report, germ-line sequence variants of PTEN in both HPC and sporadic prostate caner were comprehensively evaluated. The PTEN gene was screened, including the 5¢ untranslated region, all nine exons, exon-intron junctions and 3¢ untranslated regions, in HPC probands.
The co-segregation of PTEN mutations/sequence variants in HPC families and association in a sporadic PCa population were also evaluated. To summarize, 10 rare and 5 common variants were identified by sequencing, however, we were unable to identify any potentially important mutations, such as mutations in exons from germ-line DNA samples of 188 HPC probands. There was no statistically significant difference in allele frequencies of the two common SNPs, rs12573787 and rs1903858, between cases and controls after genotyping 1286 HPC members and no statistical difference in the allele frequency of one common SNP after genotyping in 1527 PCa cases and 482 controls. Additionally, there was no evidence of cosegregation of variants in PTEN in the HPC families. The 33 SNPs that spanned the PTEN gene showed no association between PTEN and PCa susceptibility in the CAPS and CGEMS population. None of the 33 SNPs was shown to be associated with aggressiveness of PCa. Finally, in the results of evaluating CNVs in PTEN from the available data in CAPS, there were no detectable CNV changes associated with PCa (data not shown). The results suggest that PTEN gene variants do not have an effect on PCa susceptibility and aggressiveness. This is the first time that germ-line variants of PTEN, including both rare and common variants and CNVs, were comprehensively evaluated in hereditary and sporadic PCa populations. The PTEN region was re-sequenced in a large sample size (n¼188) of HPC probands. No deleterious variants were found to contribute to PCa susceptibility, which was consistent with previous studies. 13, 14 Co-segregation of 10 rare variants, which were believed to give rise to high-penetrant HPC, was further evaluated by testing two microsatellite markers flanking PTEN in the HPC families. However, cosegregation was not observed in the HPC families. Common variants, which were believed to contribute low-penetrant PCa, were explored in sporadic PCa populations and no association was found between the SNPs and PCa risk, consistent with previous studies. 15, 16 It was also the first time that germ-line CNVs in PTEN were explored for PCa susceptibility. In our study, there were no CNV probes on PTEN region, and three SNP probes were used to define CNVs for PTEN. No CNV defined by the three SNPs at PTEN was found to be associated with sporadic PCa. Based on the available CNV information from Hapmap, 26 To date, there have not been any germ-line variants in PTEN found to contribute to PCa susceptibility. However, the possibility can not be eliminated that germ-line and/or somatic sequence variants in PTEN may be associated with PCa aggressiveness. In the literature the presence of TMPRSS2: ERG fusion and a PTEN deletion was reported to be associated with a more aggressive form of PCa. 27 In our studies, however, germ-line sequence variants of PTEN did not serve as indicator for the aggressiveness of PCa from the GWAS studies in both CGEM and GASP2 population. Therefore, germ-line sequence variants of PTEN could not serve as an indicator for the aggressiveness of PCa.
In conclusion, this study suggests that PTEN germ-line SNPs are unlikely to have an important role in hereditary and non-hereditary PCa susceptibility. Abbreviations: CGEMS, cancer genetic markers of susceptibility; GWAS, whole genome-wide association study; OR, odds ratio; SNPs, single nucleotide polymorphisms. a P and OR are calculated based on an unconditional logistic regression with adjustment for age and geographic region, assuming an additive model of inheritance. m F_A, frequency in aggressive cases; F_U, frequency in non-aggressive cases.
